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a b s t r a c t

The ambient temperature equation of state (EoS) of technetium metal has been measured by X-ray
diffraction. The metal was compressed using a diamond anvil cell and using a 4:1 methanol-ethanol
pressure transmitting medium. The maximum pressure achieved, as determined from the gold pres-
sureEquation of state for technetium from X-ray diffraction and first-principle calculations scale, was
67 GPa. The compression data shows that the HCP phase of technetium is stable up to 67 GPa. The
compression curve of technetium was also calculated using first-principles total-energy calculations.
Utilizing a number of fitting strategies to compare the experimental and theoretical data it is determined
that the Vinet equation of state with an ambient isothermal bulk modulus of B0T¼288 GPa and a first
pressure derivative of B′¼5.9(2) best represent the compression behavior of technetium metal.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Technetium, the lightest radioelement, exhibits a hexagonal-
closed-packed (HCP) structure as a pure element. Nuclear fission
reactors produce considerable quantities of 99Tc, which has one of
the largest fission yields ("6%) as well as a long half-life (t1/2¼213
000 years, β#¼293 keV). Technetium chemistry has been ex-
plored for applications in nuclear waste and reprocessing since the
1960s, but a number of fundamental properties of the element
remain poorly studied. The phase diagram of metallic technetium
is one of the least explored for any transition metal with minimal
investigations establishing the structure and properties of tech-
netium metal at high pressures. Accordingly, understanding the
pressure and temperature dependence of thermal, mechanical,
and electronic properties of technetium is of significance to nu-
clear waste storage and condensed-matter physics.

Owing to the challenges of studying radioactive elements,
previous measurements of pressure-dependent properties of
technetium are sparse and are summarized here. In 1955, using an
opposed anvil geometry, Bridgman observed the resistance and
shear characteristics of technetium up to 10 GPa and found the hcp

phase stable with no irregularities [1]. Several studies have shown
that the superconducting transition temperature decreases at
pressure up to 11 GPa [2–4]. For years it has been assumed that
nuclear decay is invariant but at least three groups have chal-
lenged this belief by showing that the decay constant of 99mTc can
decrease by 0.023–0.046% at 10 GPa [5–7]. For these measure-
ments the compressibility was approximated based on observa-
tion made by Waser and Pauling [5], which resulted in an esti-
mated bulk modulus of 370 GPa. The ambient pressure bulk
modulus and other elastic moduli have been determined multiple
times by experiments and calculations, Table 3, with no reference
to how these values or other properties vary under high pressures.
In 1989, Guillermet [8] published an extensive review of the
thermodynamic properties of technetium and then in 1999 the
Nuclear Energy Agency published a report for the Thermodynamic
Data Base project on the Chemical Thermodynamics of Techne-
tium [9] which both demonstrate a lack of data on the materials
properties of elemental technetium at extreme conditions.

Here we report room-temperature synchrotron diffraction
measurements up to 67 GPa and establish an EoS derived from
non-hydrostatic high-pressure diffraction experiments. In addi-
tion, first-principles total-energy calculations have been carried
out to determine the structural properties and compressibility of
bulk technetium up to 273 GPa. Our objective is to determine an
EoS of technetium and create a baseline for further high pressure
studies of technetium metal and relevant systems.
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2. Methods

2.1. Caution

Technetium-99 is a weak beta emitter (Emax¼293 keV). All
manipulations were performed in a radiochemistry laboratory at
UNLV designed for chemical synthesis using efficient HEPA-filtered
fume hoods, and following locally approved radioisotope handling
and monitoring procedures.

Technetium-99 metal was synthesized as polycrystalline ag-
gregates in the radiochemistry laboratory at UNLV as previously
described [10]. A modified Mao-Bell cell with a slot opening and a
four-post cell with a wide aperture were used. Mao-Bell type cell
was configured with two standard brilliant cut diamonds, 300 μm
culets. The four-post cell was equipped with one standard and one
Boehler-Almax [11] diamond. A grain of technetium no more than
15 μm thick was loaded into a 100–150 μm diameter hole in a
rhenium gasket with a 10 μm thick flake of gold (Alfa Aesar 99.8%
pure) and then filled with a 4:1 mixture of methanol-ethanol as
the pressure transmitting medium. The sample and pressure
standard were placed approximately 15 μm apart. Using a micro-
focused beam of less than 10 μm, diffraction patterns of the
standard were collected independently of the sample. The choice
in pressure medium is not ideal for hydrostatic measurements
beyond 10 GPa [12] but can yield valuable information when
limited in the choice of confining media by safety concerns for
handling radioactive material.

Angular-dispersive X-ray powder diffraction data of technetium
and gold in a diamond-anvil cell was obtained at beamlines16-ID-
B and 16-BM-D of the High Pressure Collaborative Access Team
(HPCAT) at the Advanced Photon Source (APS). In order to prevent
dispersal of radioactive material in the case of diamond failure,
mylar windows were added to the DAC containment. At each
beamline, diffraction patterns were collected with a MAR345 im-
age plate with incident monochromatic beams of 29.200 keV and
33.169 keV X-rays. The sample to detector distances were cali-
brated with CeO2 (SRM 674b), then the two-dimensional images
were integrated and corrected for distortions using FIT2D [13].
Rietveld refinements were performed using Topaz4.

First-principles total-energy calculations were performed using
spin-polarized density functional theory, as implemented in the
Vienna Ab initio Simulation Package (VASP) [14]. The exchange-
correlation energy was calculated using the generalized gradient
approximation [15] (GGA) with the parametrization of Perdew and
Wang [16] (PW91). This functional was found to correctly describe
the geometric parameters and properties of technetium bulk and
cluster structures [17,18].

The interaction between valence electrons and ionic cores was
described by the Projector Augmented Wave (PAW) method
[19,20]. The Tc 4p65s24d5 electrons were treated explicitly as va-
lence electrons in the Kohn-Sham (KS) equations and the re-
maining cores were represented by PAW pseudopotentials. The
core radii of the PAW potential for Tc is 2.75. The KS equations
were solved using the blocked Davidson iterative matrix diag-
onalization scheme followed by the residual vector minimization
method. The plane-wave cutoff energy for the electronic wave
functions was set to 500 eV. The technetium HCP crystal structure
was optimized with periodic boundary conditions applied using
the conjugate gradient method, accelerated using the Methfessel-
Paxton Fermi-level smearing [21] with a Gaussian width of 0.1 eV.
The total energy of the molecular system and Hellmann-Feynman
forces acting on atoms were calculated with convergence toler-
ances set to 10"3 eV and 0.01 eV/Å, respectively.

Structural optimization was carried out using the Monkhorst–
Pack special k–point scheme [22] with a 11#11#11 mesh for
integration in the Brillouin zone (BZ). For each compression state,

the c/a ratio optimization of the lattice parameters was performed
at constant volume.

3. Results and discussion

Representative diffraction patterns measured over the pressure
range of this work are shown in Fig. 1. The mylar windows con-
tributed three reflections to each diffraction pattern at 2θ¼6.4°,
8.6°, 10.9°; these reflections were excluded from the final refine-
ments. Eight reflections belonging to the sample were identified in
the region of 2θ¼10–30°. At each pressure, seven peaks were
observed which index to gold. The sample pressure was de-
termined using the EoS parameters recommended by Takemura
and Dewaele, [23] Bo¼167 GPa, and B′o¼5.9(1). No correction was
applied to the pressure. Uncertainty in the pressure was estimated
to be less than 2% over this pressure range [24]. The measured P–V
data points are presented in Table 1 and plotted in Fig. 3a.

A 4:1 mixture of methanol–ethanol is commonly used as a
quasi-hydrostatic medium and is reported to provide hydrostatic
conditions up to 10.5 GPa [12,25]. In a nonhydrostatic environ-
ment each crystallite experiences different stress conditions. The
micro-stress may be estimated from the broadening of the

Fig. 1. A representative series of diffraction patterns of technetium up to 67 GPa.
Three low angle peaks were contributed from the sample containment.
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difference plot of Fig. 3c. As expected the spread in the data under
hydrostatic conditions is considerably lower than that at higher
pressures. At low pressures the difference is less than 0.4 GPa
while over the entire pressure range the spread is four times
greater.

There are a number of factors that need to be taken into con-
sideration when evaluating our equation of state for technetium.
First, analysis of the two pressure ranges offer different inter-
pretations for the compressibility of technetium with the hydro-
static range indicating that the bulk modulus is greater than
320 GPa while the nonhydrostatic data suggest that it is less than
310 GPa. While a larger pressure range alone does not auto-
matically improve the equation of state, it is necessary to achieve a
sufficiently large compression in order to estimate the bulk
modulus and begin to refine higher order parameters. The pres-
sure range achieved in the diffraction experiment under hydro-
static conditions resulted in a compression of !3% while the
maximum compression for the experiment was !15%. The conflict
between the need for larger compression and hydrostatic condi-
tions is a challenge for incompressible material such as
technetium.

Over the years, bulk moduli of most elements, including tech-
netium, have been repeatedly revised, reflecting the challenges
associated with these measurements. The selection listed in Ta-
ble 3 is representative of recent work on technetium. The con-
sensus is that the bulk modulus is just under 300 GPa. In this study
a compression curve was produced from DFT methods, which
when fit to an equation of state agrees well with the diffraction
data. Previously, using the same GGA/PW91 methodology, the bulk
modulus was reported to be 298 GPa [18]. The difference between
these is due to the previous work making a determination via
elastic constants while the more recent is a fitting of the structural
evolution.

At ambient conditions, rhenium and technetium are iso-
structural and rhenium is commonly used as a nonradioactive
technetium homolog that can provide valuable insights on the
behavior of technetium. The equation of state of rhenium has been
extensively studied by X-ray diffraction up to the highest achiev-
able static pressures [30] and nevertheless disagreement in the
EoS parameters persists [26]. The effects of non-hydrostatic com-
pression on EoS parameters are widely debated in the high pres-
sure community and the need for an accurate description of the
stress state of the sample and pressure gauge is paramount to
reliable pressure determination. Experimental results for rhenium
from ultrasonic, Hugoniout, and isothermal data agree that the
room temperature bulk modulus is 350–376 GPa [26,30–37] with
greater spread in the first pressure derivative values. For both
metals, a range of values has been established without an un-
ambiguous solution. It is clear that the similarities between rhe-
nium and technetium hold true at extreme conditions and that
their compression behaviors are sensitive to stress conditions,
sample preparation, and diagnostic technique. The differences
seen in EoS parameters for technetium are therefore not surprising
and within expectation.

An accurate determination of the bulk modulus of technetium

Table 2
Summary of EoS parameters for experimental hydrostatic and nonhydrostatic pressure ranges and the theoretical compression curve using the Vinet and Birch–Murnaghan
equation of state with all parameters free and with the bulk modulus fixed at the ultrasonic result, 288 GPa [27].

EoS type 10 GPa (XRD) 10 GPa (XRD) 67 GPa (XRD) 67 GPa (USþXRD) 273 GPa (DFT)

Max pressure Vinet 2 BM 2 Vinet 3 BM 3 Vinet 3 BM 3 Vinet 3 BM 3 Vinet 3 BM 3

V0 14.301(4) 14.305(4) 14.307(7) 14.307(7) 14.310(4) 14.309(4) 14.320(2) 14.320(2) 14.49(1) 14.48(2)
B0 333(8) 321(8) 310(30) 310(30) 309(7) 309(7) 288 288 304(1) 314(2)
B′0 – – 6(6) 6(6) 4.7(4) 4.6(4) 5.9(2) 5.8(2) 4.57(2) 4.18(3)
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Fig. 3. Pressure-volume data of Tc. a) A comparison of the Vinet equation of state of
technetium up to 67 GPa with a fixed bulk modulus and refined. b) Comparison of
compressibility from DFT calculations and experimentally determined EoS up to
300 GPa with the equation of state refined from hydrostatic and nonhydrostatic
conditions extrapolated out to 300 GPa. Uncertainties are smaller than the symbol
size c) Pressure difference between experimental pressure and the respective
equations of state. Orange squares for fixed bulk modulus and red circles for the
refined bulk modulus. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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will solidify our understanding of the trends describing the 4d
transition metals. The bulk moduli of the transition metals are
plotted against the number of d electrons in Fig. 4. Manganese,
3d5, represents a minimum in the bulk moduli. This minimum is
not seen in rhenium for the 5d metals and is suggested to be at
technetium for the 4d metals. Theoretical studies of the transition
metals [38–40] suggest that the half-filled D-shell corresponds to a
softening for the 4d to a smaller degree than what is seen in the 3d
metals. The nonhydrostatic X-ray data suggest that this effect is
smaller than previously estimated while the combined data sug-
gest the opposite, that the effect is stronger.

4. Conclusion

An analysis of the equation-of-state for technetium has been
performed from X-ray diffraction data, ultrasonic measurements
and DFT calculations. The study produced three equations of state
to consider for technetium which agree very well in the experi-
mental pressure range. The EoS refined from only the diffraction
data yielded the best match to theory but the fit using the fixed
bulk moduli give the best representation of the physical behavior
of technetium metal, Bo¼288 GPa and B′o¼5.9(2). We have

confirmed that the HCP phase is stable up to 67 GPa. Nonhydro-
static behavior is observed at high pressures but did not prevent a
quality fit from being obtained for the equation of state as is evi-
dent from the low average difference in the calculated pressure.
This equation of state is considered a reliable description of
technetium compression behavior within the bounds reported
here. To further our understanding of the pressure-dependent
behavior of technetium and periodic trends of transition metals it
would be beneficial to investigate the effects of temperature and
pressure on the structural properties of technetium under hydro-
static conditions up to higher pressures.
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Abstract. We have established a new type of experimental set-up utilizing a Paris-Edinburgh 
(PE) type large volume press with a dedicated sample cell assembly for simultaneous x-ray 
diffraction, electrical resistance, and temperature gradient measurements at the High-Pressure 
Collaborative Access Team (HPCAT) at Advanced Photon Source (APS), Argonne National 
Laboratory 16BM-B beamline. We demonstrate the feasibility of performing in situ 
measurements and correlating the measured electrical-thermal-structural properties over a 
broad range of P-T conditions by observing the well-known solid-solid and solid-melt 
transitions of bismuth (Bi) up to 5 GPa and 600° C. The goal of developing this new multi-
probe measurement capability is to further improve detection of the onset of solid-solid and 
solid-melt transitions, relate structural and electrical properties of materials, determine changes 
in thermal conductivity at high P-T, and ultimately extend the technique for investigating other 
parameters, such as the Seebeck coefficient of thermoelectric materials. 

1.  Introduction 
The Paris-Edinburgh (PE) type large volume press was developed originally for neutron experiments 
[1]. The sample assembly design has been modified to be adapted to X-ray experiments for various 
measurements such as examination of high pressure high temperature (HP-HT) phases of materials, 
viscosity measurements, HP-HT synthesis of materials, among other techniques [2-5]. For our 
experiment, a dedicated cell assembly is designed and developed to measure thermal and electrical 
properties of materials under HP-HT conditions while simultaneously probing the crystal structure of 
the sample with synchrotron radiation up to 5 GPa and 600° C. A large variety of materials can be 
studied using this new technique.  

The main goal of this development is to measure the transport and structural properties of 
thermoelectric materials and their changes with temperature and pressure. The technique will be 
applicable to mapping the transport properties of metals and alloys at HP-HT conditions.  White beam 
radiography has been utilized to precisely determine the sample dimension in the in situ thermoelectric 
measurements for studying the high-pressure solid phases [3]. Electrical resistance and heat flow of 
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parameters, such as the Seebeck coefficient of thermoelectric materials. 

1.  Introduction 
The Paris-Edinburgh (PE) type large volume press was developed originally for neutron experiments 
[1]. The sample assembly design has been modified to be adapted to X-ray experiments for various 
measurements such as examination of high pressure high temperature (HP-HT) phases of materials, 
viscosity measurements, HP-HT synthesis of materials, among other techniques [2-5]. For our 
experiment, a dedicated cell assembly is designed and developed to measure thermal and electrical 
properties of materials under HP-HT conditions while simultaneously probing the crystal structure of 
the sample with synchrotron radiation up to 5 GPa and 600° C. A large variety of materials can be 
studied using this new technique.  

The main goal of this development is to measure the transport and structural properties of 
thermoelectric materials and their changes with temperature and pressure. The technique will be 
applicable to mapping the transport properties of metals and alloys at HP-HT conditions.  White beam 
radiography has been utilized to precisely determine the sample dimension in the in situ thermoelectric 
measurements for studying the high-pressure solid phases [3]. Electrical resistance and heat flow of 

X-ray Radiography Image 
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Thermoelectric properties of rocksalt ZnO from first-principles calculations
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Zinc oxide (ZnO) undergoes a pressure-induced structural transition from its normal ambient-
pressure wurtzite (WZ) phase to a rocksalt (RS) phase around 10 GPa. A recent experiment shows
that the high-pressure RS ZnO phase can be recovered and stabilized at ambient conditions,
which raises exciting prospects of expanding the range of properties of ZnO. For a fundamental
understanding of the RS ZnO phase, we have performed first-principles calculations to determine
its electronic, phonon, and thermodynamic properties at high (20 GPa) and ambient (0 GPa) pres-
sure. Furthermore, we have calculated its electrical and thermal transport properties, which allow
an evaluation of its thermoelectric figure of merit ZT at different temperature and doping levels.
Our calculations show that the ambient-pressure RS ZnO phase can reach ZT values of 0.25 to
0.3 under both n-type and p-type doping in a large temperature range of 400 K to 800 K, which is
considerably lower than the temperature range of 1400 K to 1600 K where WZ ZnO reaches simi-
lar ZT values. These results establish RS ZnO as a promising material for thermoelectric devices
designed to operate at temperatures desirable for many heat recovery applications. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934522]

I. INTRODUCTION

Zinc oxide (ZnO) is an important semiconducting mate-
rial that finds wide-ranging applications.1 It crystallizes in
wurtzite (WZ) structure at ambient pressure, but transforms
to rocksalt (RS) structure at high pressure. It has been shown
that the high-pressure RS ZnO phase can be stabilized at am-
bient pressure.2–4 This finding introduces an additional struc-
tural phase of ZnO accessible at ambient conditions, which
offers exciting opportunities for expanding fundamental
understanding and the range and variety of its potential
applications. To characterize the RS ZnO phase, it is essen-
tial to establish its electronic, phonon, thermodynamic, and
transport properties. In this work, we report first-principles
calculations that provide results on such fundamental proper-
ties. Based on these results, we further explore thermoelec-
tric (TE) properties of RS ZnO, which is characterized by a
dimensionless figure of merit ZT ¼ rS2T=j, where r is elec-
trical conductivity, S is Seebeck coefficient, also known as
thermopower, T is the absolute temperature, and j is thermal
conductivity, which comprises electric and lattice contribu-
tions so that j ¼ je þ jl. Since electrical and thermal con-
duction are usually positively correlated, it is a formidable
challenge in TE research to find materials that has high elec-
trical but low thermal conduction, thus optimizing the ZT
value.

There has been considerable interest in ZnO as a low-
cost, non-toxic, and highly stable thermoelectric5–18 and for
many other applications.19–26 However, past studies have
almost exclusively focused on the wurtzite phase of ZnO,
which is its normal structural form that exists at ambient
conditions. There has been little literature on the essential
physical properties of the RS ZnO phase, either in its high-
pressure form or the recovered form at ambient pressure.
Here, we attempt to establish an understanding of the

fundamental properties of RS ZnO and, subsequently,
explore its thermoelectric performance.

II. METHODS OF CALCULATION

We have performed first-principles calculations based
on the density functional theory (DFT) within the general-
ized gradient approximations (GGA-PBE)27 as implemented
in the VASP package.28 The projector augmented-wave
(PAW)29 pseudopotential method is used with a cut off
energy of 500 eV. The structure was relaxed using a k-mesh
of 12# 12# 12 with an energy convergence of less than
0.5 meV per atom. We also performed harmonic lattice-
dynamics calculations using the fropho package30 and self-
developed codes to obtain the mode and total heat capacity
and Gr€uneisen parameter at various temperatures.31 These
calculations were carried out using the phonon frequencies
where xi(q, V) is the frequency for the ith mode and wave
vector q for a volume V. The linear thermal expansion coeffi-
cient a(T) is obtained from

a Tð Þ ¼ 1

3B

X

q;i

ci qð Þcvi q; Tð Þ; (1)

where B is the bulk modulus, and ciðqÞ is the ith mode
Gr€uneisen parameter given by

ci qð Þ ¼ &
d lnxi q;Vð Þ½ (

d lnV½ ( (2)

and cviðq; TÞ, which is the mode contribution to specific heat,
is calculated by

cvi q; Tð Þ ¼
"hxi q;Vð Þ
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dT
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calculations. The calculated dielectric constant for RS ZnO
is 5.492 and the Born effective charges are 2.4092e and
!2.4115e for Zn and O, respectively, at 0 GPa; these values
are insensitive to pressure change, and at 20 GPa the dielec-
tric constant becomes 5.491 and Born effective changes turn
into 2.4093e and !2.4115e for Zn and O, respectively.

From the phonon dispersion curves, we have calculated
the heat capacity, Gr€uneisen parameter, and the linear ther-
mal expansion coefficient of RS ZnO and also for the normal
ambient-pressure wurtzite phase of ZnO for comparison. The
results are shown in Fig. 3, and it is seen that the Gr€uneisen
parameter and linear thermal expansion coefficient of the RS
ZnO phase at both 0 GPa and 20 GPa are significantly higher
than those for the ambient-pressure WZ ZnO. These results
indicate a much more sensitive dependence of the phonon
frequency on the volume change in RS ZnO, which reflects
the stronger lattice anharmonicity in the RS ZnO crystal
structure. It is interesting to note that the RS ZnO phase at
0 GPa exhibits especially strong anharmonic effects as meas-
ured by these parameters. Such highly anharmonic lattice dy-
namics are known to impede heat transport, leading to lower
thermal conductivity.36–38 The present results thus suggest
that the RS ZnO phase recovered at the ambient conditions
should exhibit low thermal conductivity, which is favorable
for achieving high-efficiency thermoelectric performance.

We have calculated the thermal conductivity by summing
over the mode specific heat, phonon group velocity, and life-
time following the procedure described in Section II, and we
show in Fig. 4 the obtained thermal conductivity results of RS
ZnO at 0 and 20 GPa compared against experimental values of
WZ ZnO at 0 GPa.43 It is seen that the thermal conductivity of
RS ZnO is much lower than that of WZ ZnO, and this is espe-
cially true for RS ZnO at 0 GPa, where the results are lower by
more than a factor of two compared to those of WZ ZnO in the
temperature range studied here. This result is attributed to the
much larger lattice anharmonicity as indicated by the much
larger values of Gr€uneisen parameter for the RS ZnO phase
shown above. The thermal conductivity of RS ZnO at 20 GPa
is higher than that at 0 GPa, and this is also consistent with the
relatively smaller Gr€uneisen parameter of the high-pressure
phase. Since the figure of merit ZT is inversely proportional to

FIG. 2. Calculated phonon dispersion curves of RS ZnO at 0 and 20 GPa,
and the corresponding phonon density of states.

FIG. 3. Calculated heat capacity (top panel), total Gr€uneisen parameter
(middle panel), and linear thermal expansion coefficient (bottom panel) for
RS ZnO at 0 and 20 GPa and for WZ ZnO at 0 GPa.

FIG. 4. Calculated thermal conductivity of RS ZnO at 0 GPa, 20 GPa, com-
pared to experimental data for WZ ZnO at 0 GPa.43
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thermal conductivity, the low thermal conductivity of RS ZnO
is expected to generate higher ZT values.

We have performed two sets of electronic band structure
calculations for ZnO, namely, one each using the VASP and
WIEN2k package. This is because the BoltzTraP package,33

which was used for the calculations of electrical transport
properties needed to determine thermoelectric properties,
requires the electronic band structure generated by the
WIEN2k calculations that place the output data on a very
dense grid; meanwhile, the band gap correction necessary to
reproduce the experimental value is achieved using the
hybrid functional HSE06 implemented in VASP. It is noted
that the calculated electronic band structures obtained from
the WIEN2k and VASP under the GGA are nearly identical

FIG. 5. Electronic band structure of RS ZnO at 0 and 20 GPa calculated
using the hybrid functional HSE06.

FIG. 6. The Seebeck coefficient, electrical conductivity divided by s, and power factor of n-type RS ZnO at 0 and 20 GPa at selected temperatures from 300 K
to 800 K in the carrier concentration range of 1! 1020 cm"3 to 1! 1021 cm"3.
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factor fall into this range since its behavior is largely domi-
nated by the square of the Seebeck coefficient. This sensitive
dependence on the Seebeck coefficient also explains the
quick drop of the power factor with rising temperature,
which reduces the Seebeck coefficient.

Finally, based on the results of the thermal and electrical
transport calculations, we have determined the figure of
merit ZT for RS ZnO with n-type and p-type carriers as
shown in Fig. 8. It is seen that the ZT for the ambient-
pressure RS ZnO phase reaches values between 0.25 and 0.3
over a wide temperature range of 400 K to 800 K in the car-
rier concentration range of 1020 cm!3 to 1021 cm!3; mean-
while, the ZT values for the high-pressure RS ZnO are
slightly lower due to its higher lattice thermal conductivity.
In contrast, the ZT for WZ ZnO in the same temperature
range (not shown here) is an order of magnitude smaller,
which is caused by its higher lattice thermal conductivity
and lower power factor at these relatively low temperatures.
However, WZ ZnO has been shown to be a good high-
temperature thermoelectric material, reaching similarly high
ZT values in the much higher temperature range of 1400 K
to 1600 K.35 These results show that the RS phase comple-
ments the wurtzite phase by expanding considerably the
operating range of ZnO as a good thermoelectric material. In
particular, the lower temperature range for optimal thermo-
electric performance of RS ZnO may open new opportunities
for its applications moderately above the ambient

temperature where safe, cheap, and efficient TE materials
are highly desirable. It should be noted, however, that RS
ZnO has a tendency to revert back to the WZ phase under
moderate temperatures.4 This material stability issue is cru-
cial to potential applications of RS ZnO, and it may be
addressed by epitaxial stabilization or low-level alloying
techniques in thin-film and nanophase ZnO structures as
demonstrated in some recent work.44–46

IV. CONCLUSIONS

We have carried out a systematic computational study
of the electronic, phonon, thermodynamic, and electrical and
thermal transport properties of rocksalt ZnO, which is a
high-pressure phase but can be recovered and stabilized at
ambient pressure. Calculations were performed at 0 GPa and
20 GPa for the rocksalt phase and compared with the results
of WZ ZnO, which is the normal structural phase at ambient
pressure. The calculated results show that the ambient-
pressure RS ZnO phase exhibits figure of merit ZT values of
0.25 to 0.3 in a wide temperature range of 400 K to 800 K for
both n-type and p-type carriers. This finding expands consid-
erably the operating range of ZnO as a good thermoelectric
material, which has been previously proposed to possess
similar ZT values well above 1000 K. These results suggest
that RS ZnO can operate in a very desirable temperature
range moderately above the ambient temperature where

FIG. 8. The figure of merit ZT of RS ZnO with n-type and p-type carrier at 0 GPa and 20 GPa at selected temperatures from 300 K to 800 K in the carrier con-
centration range of 1" 1020 cm!3 to 1" 1021 cm!3.
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Conclusions		
•  HiPSEC	gives	students	unique	in	depth	training	in	
high	pressure	techniques	and	synchrotron	science	
–  Large	amount	of	Qme	spent	at	HPCAT	
–  InQmately	involved	with	development	at	HPCAT	

•  HiPSEC	is	working	with	all	DOE/NNSA	laboratories	
•  Scope	of	work	and	producQvity	conQnues	to	
increase	
–  Two	new	faculty	(one	experiment	and	one	theory)	
hired	in	last	two	years	


